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1.0 INTRODUCTION 

The p r i n c i p a l  r i v a l  t o  stereo photography f o r  l u n a r  

s l o p e  and e l e v a t i o n  mapping has been photometry, u t i l i z i n g  t h e  

r e l a t i o n s h i p  between s u r f a c e  b r igh tness  and l o c a l  s lope .  The 

p r i n c i p a l  o b j e c t i o n ,  i n  t u r n ,  t o  photometry has  been t h e  l a r g e  

amount of d i g i t a l  computer t i m e  r equ i r ed  t o  do a point-by-point 

i n t e g r a t i o n  on a number of photographs. W e  s h a l l  examine i n  

t h i s  memorandum an e lec t r ica l  analog which y i e l d s  a s lope-to-  

h e i g h t  conversion on a p a r a l l e l  r a t h e r  t han  a ser ia l  bas i s ,  over  

t h e  whole photograph, obvia t ing  t h e  need f o r  a s e q u e n t i a l  

i n t e g r a t i o n .  

2 . 0  THE PRESENT, SERIAL APPROACH 

L e t  us  examine b r i e f l y  t h e  photometric a n a l y s i s  

p r e s e n t l y  done by d i g i t a l  means. A photographic nega t ive  of 

a l u n a r  scene ,  i n  which l u n a r  scene b r i g h t n e s s  v a r i e s  wi th  

local  s u r f a c e  s l o p e  according t o  t h e  photometr ic  f u n c t i o n ,  

i s  scanned by a microdensitometer.  An analog scan of photo- 

g raph ic  d e n s i t y  vs. d i s t a n c e  X i s  t h u s  produced, and t h e  

d e n s i t i e s  are d i g i t i z e d  f o r  computer a n a l y s i s .  The computer 

t h e n  conver t s  t h e  d e n s i t y  d a t a  t o  l u n a r  s u r f a c e  s lope  v a l u e s ,  
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using a dens i ty- to-br ightness  func t ion  ( t h e  f i l m  D - log E 

curve)  and a br ightness- to-s lope func t ion  ( t h e  l u n a r  photo- 

metric f u n c t i o n ) .  The computer then  has a v a i l a b l e  t h e  func t ion  
dZ a' 
X* . 

where Z i s  local  l u n a r  sur face  e l e v a t i o n ,  as a func t ion  of  

I n  o r d e r  t o  o b t a i n  t h e  e l e v a t i o n  p r o f i l e  Z ( X )  , t h e  

computer performs a point-by-point i n t e g r a t i o n .  

be an a r b i t r a r y  e l e v a t i o n  datum a t  p o i n t  X o t  t h e  he igh t  Z1 a t  

X1 i s  obta ined  from: 

L e t t i n g  Zo 

I n  gene ra l ,  f o r  untformly spaced p o i n t s ,  

and 
( 3 )  

Thus t o  o b t a i n  t h e  elevation a t  p o i n t  Xi' t h e  computer must 

perform i s e q u e n t i a l  i n t e g r a t i o n s ,  t h e  r e s u l t  of each i n t e g r a t i o n  

be ing  t h e  r equ i r ed  a r b i t r a r y  cons tan t  f o r  t h e  subsequent one. 

This  i s  a time-consuming and expensive procedure,  p a r t i c u l a r l y  

s i n c e  us ing  a coarse AX i n t e r v a l  i n  t h e  i n t e r e s t  of speed 

in t roduces  a bui ldup  of e r r o r  i n  Z .  

* In  t h i s  memorandum w e  s h a l l  use t h e  v a r i a b l e s  X and Y t o  

Any scale f a c t o r  w i l l  be ignored. 
r e p r e s e n t  or thogonal  d i s t a n c e s  both on t h e  l u n a r  s u r f a c e  and i n  
t h e  photograph. 
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3.0 THE ELECTRICAL ANALOG, PARALLEL APPROACH 

L e t  us i n s t e a d  sh ine  a l i g h t  through a p o s i t i v e  

t r a n s p a r e n t  copy of t h e  photograph, and assume t h a t  t h e  l i g h t  

i n t e n s i t y  pas s ing  through i t  i s  p r o p o r t i o n a l  t o  t h e  s l o p e  

of t h e  luna r  scene*. Now w e  ob ta in  a s t r i p  of a s p e c i a l  l i g h t -  

s e n s i t i v e  ma te r i a l** ,  whose e l e c t r i c a l  r e s i s t a n c e  v a r i e s  

p ropor t iona te  t o  t h e  l i g h t  i n t e n s i t y  s t r i k i n g  it. W e  pass  a 

cons t an t  c u r r e n t  I through t h e  s t r i p ,  a l i g n  it p a r a l l e l  t o  t h e  

X a x i s  behind t h e  f i l m ,  and maintain p o i n t  Xo on t h e  s t r i p  a t  

p o t e n t i a l  Vo. 

Now w e  o b t a i n  another  s t r i p  of material, i n s e n s i t i v e  

t o  l i g h t ,  having t h e  same r e s i s t a n c e  ou r  s e n s i t i v e  s t r i p  would 

have i f  it w e r e  i l l umina ted  by l i g h t  through a photograph of a 

f l a t  Moon (see Figure  l), and pass a c u r r e n t  I through it a l s o .  

L e t  us  c a l c u l a t e  t h e  vo l t age  d i f f e r e n c e  between two corresponding 

*This i s  an important  assumption; w e  s h a l l  examine it more 
c l o s e l y  i n  Sec t ion  4.0 of t h i s  memorandum. 

**More on t h i s  l a t e r .  
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vo = vo 

i 
v = Iri - irI + Vo 
i 1  

r = r k A r  i i But 

Where A r i  = 0 f o r  a f l a t  l o c a l  s lope .  

i 
Thus v = C ? IAri + Vo i 

1 

( 4 )  

( 5 )  

Equations ( 3 )  and (5) a r e  t h e r e f o r e  d i r e c t l y  analogous,  except  

t h a t  t h e  algebraic 

emphasis; c l e a r l y  t h e  va lues  of - of equat ion  ( 3 )  can be 

p o s i t i v e  o r  nega t ive .  

s i g n  of A r i  has  been w r i t t e n  o u t  f o r  

X 
i 

The reason t h a t  t h i s  analog i s  u s e f u l  is  r e a l l y  

q u i t e  s imple t o  understand. The l i g h t  i n t e n s i t y  passing 

through each i n t e r v a l  AXi of t h e  f i l m  i s  p r o p o r t i o n a l  t o  d Z  =I., 

p a s s i n g  through t h e  f i l m  may be thought of a s  r ep resen t ing  a 

whole r o w  of values of AZi ,  each independent. 

AVi t o  be connected t o  i t s  neighbors,  j u s t  as t h e  A Z i  h e i g h t  

d i f f e r e n c e s  are on t h e  moon, w e  remove t h e  a r t i f i c i a l  indepen- 

By f o r c i n g  each 

dence introduced by t h e  photographic process .  The cons t an t s  of 

i n t e g r a t i o n  are thus, i n  a sense,  self-determined.  
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There remains, of course,  t h e  problem of a readout  

system. 

w e  might s t i l l  p r e f e r  t o  p l o t  them s e q u e n t i a l l y ,  f o r  example 

Although t h e  vol tages  vi are a v a i l a b l e  s imultaneously,  

on a s t r i p  c h a r t  r eco rde r  connected t o  t h e  r e s i s t i v e  s t r i p s  

by s l i d i n g  con tac t s .*  Another p o s s i b l e  readout  would be  a 

reconversion t o  b r igh tness ,  producing a p i ece  of f i l m  whose 

t ransmiss ion  v a r i e d  with su r face  e l e v a t i o n  i n s t e a d  of s l o p e  

( l e t  us no te  i n  pass ing  t h a t  a po ten t i a l - to -dens i ty  conversion 

i s  j u s t  t h e  process  used i n  the  Xerox ' cop ie r ) .  

t o  b r i g h t n e s s  might a l s o  be accomplished by an a r r a y  of l i g h t -  

e m i t t i n g  diodes,  connected t o  t h e  vo l t ages  v . F i n a l l y ,  l e t  

us  p o i n t  o u t  t h a t  w e  sre more l i k e l y  t o  f i n d  a material whose 

conduc t iv i ty  i n c r e a s e s  w i t h  i n c i d e n t  l i g h t  t han  one whose 

The reconversion 

i 

r e s i s t a n c e  inc reases ;  w e  s h a l l  i l l u m i n a t e  such a m a t e r i a l  through 

a t r a n s p a r e n t  nega t ive  r a t h e r  t han  a p o s i t i v e  of t h e  o r i g i n a l  

scene.  

4 .0  CALIBRATION 

W e  have de fe r r ed  t h e  problem of t h e  n o n l i n e a r i t y  of 

t h e  photometr ic  func t ion ,  by assuming t h a t  t h e  l i g h t  i n t e n s i t y  

pas s ing  through t h e  luna r  photographs w a s  p r o p o r t i o n a l  t o  t h e  

s u r f a c e  s l o p e .  I n  genera l  t h i s  i s  n o t  t r u e ;  t h e  photometr ic  func t ion  

t y p i c a l l y  looks l i k e  t h e  curve i n  quadrant  I of F iqure  2, where 

CL is  t h e  s u r f a c e  s lope .  

* Abrasion of t h e  s t r i p  can b e  avoided by us ing  an a l t e r n a t i n g  c u r r e n t  
I cos w t  and c a p a c i t i v e  coupl ing t o  t h e  recorder  probe. 
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I n  an a t tempt  t o  l i n e a r i z e  t h e  problem, l e t  us  eeek 

a p a r t i c u l a r  shape of f i l m  c h a r a c t e r i s t i c  which w i l l  compensate 

f o r  the f l a t t e n i n g  of t h e  photometr ic  curve as a i n c r e a s e s  i n  

t h e  nega t ive  d i r e c t i o n .  W e  r e q u i r e  a r e s i s t a n c e  which v a r i e s  

l i n e a r l y  wi th  s l o p e  a, as shown i n  quadrant  I V ;  t h e  r e c i p r o c a l  

of t h i s  r equ i r ed  curve,  conduct iv i ty  u as a func t ion  of s l o p e ,  

i s  a l s o  shown. If t h e  l i g h t  which passes  through t h e  nega t ive  

y i e l d s  a conduc t iv i ty  p ropor t iona l  t o  the t ransmiss ion  T of 

t h e  nega t ive  (quadrant  111), then t h e  T versus  0 curve  which 

i s  necessary t o  achieve t h e  requi red  l i n e a r  r vs .  c1 curve i s  

shown i n  quadrant  11. 

More s p e c i f i c a l l y ,  w e  select a va lue  of a, and f i n d  

f r o m  i t  the corresponding values of r and u f r o m  quadrant  I V .  

Using u f r o m  quadrant  I V  w e  f i n d  t h e  r equ i r ed  f i l m  t ransmiss ion  

T f r o m  quadrant  111. The luna r  b r i g h t n e s s  which is a v a i l a b l e  

t o  expose t h i s  f i l m  is  p ropor t iona l  t o  t h e  va lue  of $I (quadrant  

I )  which corresponds t o  t h e  given a. Thus t h e  necessary f i l m  

curve  T vs .  $I (T  vs .  exposure) appears  i n  quadrant  11. 

T h i s  f i l m  curve  is  p l o t t e d  i n  more famil iar  t e r m s  a s  

a D-log E curve i n  F igure  3 ,  a long  wi th  a curve of  t h e  t o e  p o r t i o n  

of one f ami l i a r  f i l m ,  t h e  Type 3400 black-and-white f i l m  used 

on s o m e  Apollo missions (the p o s i t i o n i n g  of t h e  curves  along 

the exposure a x i s  i s  a rb i t r a ry ) .  C lea r ly  t h e  gene ra l  shapes of  

t h e  curves  are s i m i l a r ,  although cons iderable  experimentat ion 

would be necessary t o  f i n d  a f i lm/processing combination which 

would match c lose ly .  
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5.0 FUNCTIONS OF TWO VARIABLES, AND OTHER APPLICATIONS 

T h e  l u n a r  problem r e s u l t s  i n  a two-dimensional a r r a y  

of br ightnesses  which a r e  func t ions  of a s i n g l e  v a r i a b l e ,  namely 

s l o p e  i n  t h e  phase plane--the analog is  a group of p a r a l l e l  

photoconductive s t r i p s ,  each independent. I n  g e n e r a l  w e  s h a l l  

be i n t e r e s t e d  i n  two-dimensional a r r a y s  which are func t ions  of 

two v a r i a b l e s ;  an  example i n  the  above t e r m s  would be a Moon 

i l l umina ted  by t w o  Suns i n  or thogonal  p lanes .  

One is  tempted t o  sugges t  a two-dimensional photo- 

r e s i s t i v e  l a t t i ce  f o r  t h e  analog t o  t h i s  l a t t e r  case, b u t  a 

l i t t l e  thought (or a g r e a t  dea l  of a lgeb ra )  makes it clear t h a t  

such an a r r a y  would in t roduce  a coupl ing between t h e  vo l t age  

drops i n  t h e  t w o  d i r ec t ions .  C lea r ly  t h e  i n t e g r a t o r  t h a t  w e  

seek f o r  t h i s  case is one t h a t  can  i n t e g r a t e  t h e  t o t a l  d i f f e r -  

e n t i a l  

6 2  
6Y dK + - d Y  dZ = - 6 X  

I n  d i s c r e t e  terms, 

(7a)  "i+l, j+l ;  i, j "i+l,i + 62) 6' i+l, " j + l , j  

For t h e  two-dimensional, t w o  v a r i a b l e  case, then,  l e t  

u s  cons ide r  a two-dimensional a r r a y  of s i l i c o n  photo-diodes, each 

connected t o  i t s  neighbors as shown i n  F igure  4 .  The vo l t age  drop 

across each diode depends only on t h e  i n t e n s i t y  of t h e  l i g h t  

s t r i k i n g  it, and n o t  on t h e  ad jacent  d iodes ;  t h e  v o l t a g e  drops i n  

the two d i r e c t i o n s  are t h e r e f o r e  independent, 
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and w e  may w r i t e  

Equations 7a and 7b are  seen  t o  be d i r e c t l y  analogous t o  equa- 

t i o n s  8a and 8b. 

W e  have l e f t  ou t  one thing:  i t  i s  necessary t h a t  

b r i g h t n e s s  informat ion  r ep resen t ing  s lopes  i n  t h e  X d i r e c t i o n  

be presented  only t o  t h e  appropr i a t e  diodes i n  a r o w  of t h e  

a r r a y ,  and Y-direction information t o  a p p r o p r i a t e  d iodes  i n  a 

column of t h e  a r r a y .  Moreover, t h e  columns and r o w s  must be 

i l l u m i n a t e d  s imultaneously i n  o rde r  f o r  t h e  A V ' s  t o  add up 

proper ly .  One way t o  do t h i s  is by f i l t r a t i o n ,  exposing t w o  

nega t ives ,  one through a r e d  f i l t e r  f o r  s l o p e s  i n  t h e  2-X 

p l a n e  and one through a b l u e  f i l t e r  for  s lopes  i n  t h e  Z-Y plane .  

The images would then be combined i n  a beam s p l i t t e r ,  and addi- 

t i o n a l  r e d  and b l u e  f i l ters used t o  make t h e  row diodes s e n s i -  

t i v e  only t o  red and the column diodes s e n s i t i v e  only t o  b l u e  

(see Figure  5). 

As po in ted  o u t  earlier i n  our  d i scuss ion  of t h e  one- 

dimensional  case, a reconversion t o  b r i g h t n e s s  would be p o s s i b l e  

w i t h  an  a r r a y  of l i gh t - emi t t i ng  d iodes .  Note t h a t  t h e  i n p u t  

p o t e n t i a l s  t o  t h e s e  diodes should all be re ferenced  t o  a common 

ground, s i n c e  t h e  d e s i r e d  output  is t h e  s i n g l e  v a r i a b l e ,  b r i g h t n e s s ,  

corresponding t o  t h e  s i n g l e  v a r i a b l e ,  e l eva t ion .  
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One a p p l i c a t i o n  of t h i s  type  of i n t e g r a t i n g  dev ice  

would b e  t o  a t w o  dimensional analog computer, i n  which t h e  

i n p u t  (and perhaps ou tpu t )  data are p resen ted  i n  terms of 

l i g h t  i n t e n s i t y  r a t h e r  t h a n  vol tage .  Another of many necessary  

b locks  of such a system would be an i n p u t  device ,  o r  func t ion  

genera tor .  For cases i n  w h i c h  a phys ica l  model a l r eady  e x i s t s ,  

t h e  l u n a r  photometry technique desc r ibed  e a r l i e r  may be use fu l .  

For example, cons ide r  a labora tory  model of a n  a i r p l a n e  wing ' s  

upper su r face .  A powder such as c u p r i c  oxide,  which e x h i b i t s  

a degenera te  photometric func t ion  s imi l a r  t o  t h a t  of t h e  Moon, 

could  be dus ted  on t h e  wing surface, and photographs taken of t h e  

r e s u l t .  Applying t h e  r e s u l t i n g  photos as i n p u t s  t o  t h e  above 

i n t e g r a t o r  could r e s u l t  i n  a p o t e n t i a l  o r  b r igh tness  map repre-  

s e n t i n g  t h e  wing 's  su r f ace .  The p o t e n t i a l s  or  b r igh tnesses  could 

then  be manipulated i n  the computer t o  r e p r e s e n t  d e f l e c t i o n s ,  

d i s t o r t i o n s ,  etc. 

6.0 CONCLUSIONS 

A very pre l iminary  look a t  ana log  techniques has l e d  

t o  a suggested way t o  s impl i fy  t h e  r educ t ion  of lunar  photometr ic  

data t o  l u n a r  s u r f a c e  e l eva t ion  data. The approach has been 

g e n e r a l i z e d  t o  func t ions  of two v a r i a b l e s ,  l ead ing  t o  a p o s s i b l e  

i n t e g r a t o r  f o r  a p r e s e n t l y  non-exis tent  two-dimensional analog 

computer. Given t h e  p r e s e n t  state of t h e  a r t  of handl ing l a r g e  

amounts of two-dimensional data ,  t h i s  could w e l l  b e  worth pur- 

su ing .  Considerable  hardware development would be  requi red .  
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